The recent maturation of hybrid quantum devices has led to significant enhancements in the functionality of a wide variety of quantum systems. In particular, harnessing mechanical resonators for manipulation and control has expanded the use of two-level systems in quantum information science and quantum sensing. In this letter, we report on a monolithic hybrid quantum device in which strain fields associated with resonant vibrations of a diamond cantilever dynamically control the optical transitions of a single nitrogen-vacancy (NV) defect center in diamond. We quantitatively characterize the strain coupling to the orbital states of the NV center, and with mechanical driving, we observe NV-strain couplings exceeding 10 GHz.
INTRODUCTION
Hybrid quantum devices involving mechanical systems are attractive candidates for future quantum technologies. Mechanical systems are sensitive to a diverse array of external forces, and with recent advancements made in nanofabrication techniques, these systems can be precisely engineered with high quality factors. Several experiments have exploited this sensitivity to engineer magnetic, electric, and strain couplings between mechanical resonators and two-level systems in atoms, quantum dots, superconducting Josephson junctions and defects in semiconductors [1] [2] [3] [4] [5] [6] [7] . These experiments have demonstrated coherent mechanical control of two-level systems and in some cases, coupling of the two-level system to the quantum motion of the resonator [1] . Ultimately, these devices strive to address several outstanding challenges in the development of quantum technologies, including the realization of long-range interactions between a wide variety of quantum systems, and the preparation of non-classical states of a macroscopic mechanical object.
A hybrid spin-mechanical device where the coupling is mediated by crystal strain offers several promising applications in the fields of quantum information science and sensing. For example, crystal strain associated with the spatially extended phonon modes of mechanical resonators can be used as a quantum data bus to transmit quantum information between disparate qubits [8, 9] , prepare spins in entangled or squeezed states [10] , or provide an interface between photons of disparate energy scales [11, 12] . This interaction can similarly be used to cool mechanical resonators to their quantum ground state [13, 14] , enabling fundamental studies of quantum mechanics in macroscopic objects [1, 15, 16] .
From a practical standpoint, using crystal strain to interface a mechanical resonator with a two-level system has many advantages. Strain directly couples the two systems without the need for external components or functionalization of the resonator, and therefore allows for a monolithic architecture. Importantly, the coupling does not generate noisy stray fields, which may degrade the coherence of the system. Furthermore, a monolithic architecture eliminates drifts in the coupling strength and allows for more facile device fabrication, which is crucial when scaling the device to large numbers of quantum systems.
A leading candidate for a strain-coupled hybrid device consists of nitrogen-vacancy (NV) defect center spins and diamond mechanical resonators [17] [18] [19] [20] . The electron spin of the NV center has been shown to exhibit long coherence times near one second at 77 K [21] and singlecrystal diamond mechanical resonators have been fabricated with high quality factors in excess of one million [22] . To date, experiments coupling mechanical oscillators to the NV spin have realized mechanically driven spin dynamics, enabling coherent spin manipulation in the strong coupling regime [23] , nanoscale strain sensing [17] , and continuous dynamical decoupling from magnetic field noise [23, 24] . However, proposed hybrid quantum devices involving the NV center, photons, and phonons will also require a mechanical coupling to the orbital states of the NV center [25] . The orbital degree of freedom is inherently more sensitive to crystal strain than the spin degree of freedom, and thus provides higher single-phonon couplings. In addition, coupling to the orbital states allows for direct tuning of the optical transitions of the NV center, which is essential for photonic applications that require generation of indistinguishable photons, such as entanglement of distant spins [26] . Additionally, strain-orbit coupling enables several applications that are inaccessible with spin-strain coupling, such as phonon cooling of a mechanical resonator [14] and phonon routing [25] . Very recently, coherent control of the NV orbital states was demonstrated using a combination of optical fields and strain fields associated with propagating surface acoustic waves generated by an interdigitated transducer [27] .
In this letter, we realize a dynamic, strain-mediated coupling between the orbital states of a single NV center in diamond and the resonant mechanical motion of a diamond cantilever. The time-varying strain field generated by the cantilever displacement modulates both the energy and polarization dependence of the optical transitions of the NV center, which we characterize using resonant excitation spectroscopy (RES). With mechanical driving, we observe large (10 GHz) NV strain-orbit coupling and precisely characterize the strain-orbit coupling constants. Notably, we observe strain-mediated single phonon coupling strengths of a few kHz, which are three to five orders of magnitude higher than those previously demonstrated with the NV spin [17] [18] [19] [20] .
Finally, we use this coupling to match the energy and polarization dependence of the zerophonon lines of two spatially separated NV centers.
II. EXPRIMENTAL SETUP AND THEORETICAL MODEL
Our experiments are performed on single, negatively-charged NV centers embedded in a single-crystal diamond cantilever as depicted in Fig. 1a . In Fig. 1c , we show a simplified energy level diagram of the NV center that depicts the relevant energy levels investigated here. An orbital-singlet/spin-triplet ground state, 3 2 A , is connected to an orbital-doublet/spin-triplet excited [28] . We use a home-built confocal microscope to optically address single NV centers in diamond cantilevers and to interferometrically monitor the cantilevers' motion. In our experiments, we off-resonantly excite the NV center with 532 nm laser light to identify NV centers in the cantilever (Fig. 1b) Coupling of the cantilever motion to the NV orbital states is provided by the sensitivity of the NV center to crystal strain. Strain deforms the molecular orbitals of the NV center, and its effect on the orbital levels is determined by the NV's 3v
C symmetry [29] . In the { }
basis, the strain-coupled NV-resonator Hamiltonian ( 1 h = ) takes the form
where ZPL f is the natural zero-phonon line frequency,
Next, we probe the strength of the strain-mediated NV-phonon coupling as a function of cantilever deflection for a resonant mechanical drive (Fig. 2d) . As the amplitude of beam deflection increases, the strain-modulation of the optical transitions increases approximately linearly, as predicted by equation (2) . For the NV measured in Fig. 2 , we observe strain-mediated NV-phonon couplings exceeding 10 GHz for cantilever displacements of only a few nanometers.
Our measurement is in good agreement with simulations ( Fig. 2e ) and demonstrates the large coupling of the orbital states to the mechanical motion of the cantilever. We note that the observed coupling strengths are limited by the scanning range of the resonant excitation laser and not by the device itself.
B. MEASUREMENT OF THE STRAIN-ORBIT COUPLING CONSTANTS
To accurately determine the single-phonon coupling parameters, we must isolate the effects of strain for each symmetry, which cannot be accomplished with the continuous wave (CW) spectroscopy technique employed above. The CW spectral response of the NV is a timeaveraged response that samples all points of the cantilever's motion, making it difficult to distinguish between common mode shifts and splittings of the | x E 〉 and | y E 〉 states. However, by performing stroboscopic RES synchronized to the cantilever's motion, we can deconvolve the orbital dynamics from the mechanical motion [30] . Specifically, we measure the NV fluorescence in 60 ns windows that are much shorter than the cantilever's 1.15 μs oscillation period, thus enabling RES at a well-defined cantilever position. In Fig. 3a , we demonstrate stroboscopic RES when the cantilever is maximally deflected upward (blue) and maximally deflected downward (orange) with an amplitude of 24 nm. Importantly, we can distinguish the effects of uniform shifts of the transitions due to 1 A strain from splittings due to E strain, and with the well-known strain profile of a cantilever, we may extract the orbital strain coupling constants, 1 1 , , ,
and ' E λ [16, 17] . The single-phonon coupling parameters can be written explicitly in terms of the orbital-strain coupling constants and the strain induced by the zeropoint motion of the cantilever, ε : involving static strain, which may suffer from an unknown strain profile and may require significantly more fabrication, alignment, and stabilization steps to individually address each structure. In addition, strain tuning could be used for dynamic feedback control of the transitions to reduce spectral diffusion caused by local charge fluctuations [33] .
D. STROBOSCOPIC POLARIZATION TUNING OF A QUANTUM EMITTER
The polarization dependence of the optical transitions of spatially separated NV centers can also be matched using our strain-mediated control scheme. We characterize the polarization dependence by performing RES for varying linear laser polarization angles ( In-situ polarization tuning is an important and practical function for future hybrid devices that incorporate quantum emitters. Typically, the polarization state of spontaneously emitted photons is manipulated after the collection optics with a combination of polarization control elements, such as waveplates and fiber paddles. For fully chip-integrated systems where many quantum emitters need to be individually addressed, it can be difficult to utilize these external components for selective control of a photonic channel. In-situ control allows for selective control while minimizing cross-talk between photonic channels. In addition to strain, in-situ control can be accomplished with electric fields [34] or optical microcavities [35] .
However, the fabrication and alignment required for individual addressing with electric fields and cavities may present a significant challenge as the number of emitters increases.
In our current resonator geometry we do not have independent control of 1 E and 2 E strain, and are thus unable to arbitrarily tune the frequency and polarization dependence of an optical transition simultaneously. Universal control could be enabled by simultaneous excitation of two mechanical modes that generate different strain profiles. Interestingly, this approach could offer novel opportunities to study multimode optomechanics by utilizing the inherent nonlinearity of a two level system [36] . Alternatively, generation of indistinguishable photons can still be accomplished by a combination of frequency matching and polarization filtering [37, 38] .
IV. CONCLUSION
Future quantum-enabled applications such as long-range interactions between distant qubits or phonon routing will require the single phonon coupling strength to be larger than the intrinsic dissipation in the hybrid system [8, 10, 25] . This high cooperativity regime is defined by , residing deep within the high cooperativity regime. Moreover, this device could be used for single-defect cooling of the fundamental mode of the nanobeam to its quantum ground state [13, 14] with phonon occupation number 1 n < , allowing for preparation and observation of quantum states of the mechanical oscillator (see Appendix K).
In summary, we have presented a hybrid quantum device in which the orbital states of a single solid-state quantum emitter are coupled via strain to a single vibrational mode of a high quality factor mechanical resonator. We used our device to carefully control the frequency and polarization dependence of the optical transitions of single NV centers. Several additional and diverse applications could be enabled by our device. For instance, our hybrid coupling mechanism could be used to generate large, broadly-tunable light phase shifts, enabling novel applications in all-optical signal processing [39] . Moreover, by combining our strain-mediated NV-phonon coupling with electron spin resonance at the cryogenic temperatures employed here, it should be possible to significantly enhance the optically detected magnetic resonance signal through phonon assisted optical pumping [40] . Additionally, our dynamic strain-tuning experiments may be extended for manipulation and control of the NV hyperfine transitions [41] , which may facilitate the use of nuclear spins as quantum memories [42] . Furthermore, our device architecture and its applications are compatible with other solid-state emitters, such as the silicon-vacancy center in diamond or defects in silicon carbide [43] . Most importantly, we have demonstrated for the first time strain-coupling of a mechanical oscillator to the orbital states of the NV center. Scaling down our device dimensions and reducing optical linewidths should allow for operation in the resolved sideband regime, enabling phonon cooling and lasing [14] , spin-dependent force quantum gates [10] , and phononic routing applications [9, 25] . The single phonon couplings shown here are the largest ever demonstrated for an NV-based system, and constitute a major step toward quantum applications enabled by a hybrid quantum device based on spins, phonons and photons.
APPENDIX A: EXPERIMENTAL SETUP AND SAMPLE PREPARATION
The experimental setup consists of a homebuilt cryogenic confocal microscope as shown in Fig.  6a . Experiments are carried out at 6.7 K in a closed-cycle cryostat (Montana Instruments). A continuous wave diode laser (Laser Quantum) at 532 nm is used to optically pump the NV center into the 0 s m = spin level of the ground state, and to initialize the negative charge state of the NV. A tunable diode laser near 637 nm (New Focus Velocity) is used for resonant excitation of the NV zero-phonon line, and is gated with an acousto-optic modulator (Intraaction). A combination of linear polarizers and a liquid-crystal retarder is used to control the linear polarization of the resonant excitation light. The relative polarization of the laser light with respect to the diamond crystallographic orientations is monitored with a polarimeter (Thorlabs). Photons emitted by the NV are collected into a single-mode fiber and subsequently detected by an avalanche photodiode (APD). A continuous wave diode laser at 450 nm (Thorlabs) is used for interferometric detection of the mechanical motion of the cantilever. The mechanical motion of the cantilever phase modulates the reflected light off the cantilever surface and interferes with light that passes through the cantilever and reflects off the silicon substrate 1 μm below the cantilever. The 450 nm light is filtered out of the collection path using a longpass dichroic filter (Semrock). A piezoelectric transducer with a capacitance of 17 nF is mounted just below the sample for mechanical driving of the diamond cantilevers.
The cantilever used in this experiment was fabricated using the technique described in ref. [17] . NV centers were formed via nitrogen implantation, with a dosage of (10 -6 Torr) at 800 °C for 3 hours.
APPENDIX B: THE STRAIN INTERACTION AND SINGLE-PHONON COUPLING PARAMETERS
The internal degrees of freedom of the NV center are sensitive to crystal strain through the ionelectron Coulomb interaction. The strain-induced displacement of ions in the diamond lattice alters the Coulomb potential felt by the electrons associated with the NV center. This directly affects the orbital degree of freedom of the NV center. We note that spin-orbit coupling allows for strain to couple to the spin degree of freedom as a higher order perturbation.
To analyze the effect of crystal strain on the NV, let us consider a generic strain experienced by the NV center as defined in its own coordinate basis, which is characterized by the strain tensor ε : 
The NV's coordinate system is shown in Fig. 7 . The z -axis, or NV axis, lies along the nitrogen bond, and can point in 4 crystallographic directions:
x -axis lies along the projection of a carbon bond in the plane perpendicular to the NV axis. The strain Hamiltonian can be written in terms of individual components of the strain tensor in the following way [29] ,
where , i j refer to Cartesian indices of the NV coordinate system and Λ ij are orbital operators.
The NV center has 3v
C symmetry, and hence it is useful to project the strain Hamiltonian onto the irreducible representations of the 3v C group [29] .
In the above Hamiltonian we take advantage of the fact that since strain is a symmetric secondrank tensor, its components transform as the quadratic basis functions of the 3v C group. σ reflection symmetry of the NV center; whereas, strains that transform as E will break both the rotation and reflection symmetries.
The NV center consists of an orbital-singlet/spin-triplet ground state, 3 2 A , that is connected to an orbital-doublet/spin-triplet excited state 3 E by an optical zero-phonon line. In this paper, we focus on the 
The orbital strain coupling constants In our experiments, the strain induced by the cantilever motion is linear in the cantilever tip deflection,
. Here, 0 ε is the strain induced by the cantilever zero point motion and a is the annihilation operator of the cantilever mode. The single phonon coupling parameters, Γ g , quantify the coupling of the orbital levels of the NV center to the strain of symmetry Γ induced by the zero point motion of the cantilever.
APPENDIX C: RESONANT EXCITATION SPECTROSCOPY (RES)
In Fig. 6b , we show the experimental sequence used for resonant excitation spectroscopy. The experiment begins with a short 1 μs pulse of 532 nm laser light generated by an acousto-optic modulator (AOM). This pulse initializes the NV into its negative charge state and also initializes it into the 0 s m = spin level of the ground state, | A〉 . Next, a 5 μs pulse of light near 637 nm from the tunable diode laser is sent to the NV for resonant excitation of the zero-phonon line (ZPL). During this pulse, we monitor the NV fluorescence using an avalanche photodiode. This two-pulse sequence is repeated 20,000 times for a particular laser frequency. The laser frequency is swept by changing the voltage of a piezoelectric element that controls the laser cavity length. In each scan, the laser is swept over a 38 GHz frequency band, which is the maximum frequency window allowed by the laser piezo. The laser frequency sweep is calibrated with a scanning Fabry-Perot invar cavity with a free spectral range of 1.5 GHz.
APPENDIX D: RES SIGNAL UNDER AC STRAIN
When the cantilever is at rest, the RES signal contains two Lorentzian peaks corresponding to the x E and y E transitions, with each peak centered at f + and f − respectively. We typically observe optical linewidths of Γ 1 GHz = . When the cantilever vibrates, it introduces an AC strain field to the NV center, which modulates the optical transition frequencies, and hence the center frequency of these Lorentzian peaks. As shown in a later section, strain produced by the cantilever motion can also modulate polarization selection rules. For all RES experiments, the laser polarization is kept constant throughout the measurement, and hence the modulation of the polarization selection rules will manifest itself as a modulation of the PL emission intensity. Since our measurement time greatly exceeds the period of a single cantilever oscillation, our signal time averages over the cantilever's motion. Therefore, the signal can be described by ( )
where ± I refers to the photoluminescence intensity of each peak (measured here in kC/s)
In addition, due to the finite quality factor of the cantilever, the cantilever will respond to mechanical excitations over a small frequency band around its resonance frequency. For weak mechanical excitation, the cantilever approximately exhibits a Lorentzian mechanical response whose linewidth is determined by its quality factor. Therefore, the normalized cantilever tip position ( ) 
Here, max x refers to the maximum tip deflection when driven on resonance and 
APPENDIX E: STROBOSCOPIC MEASUREMENT PROCEDURE
The fundamental mechanical mode of the cantilever is actuated by a piezoelectric transducer that is electrically driven with a lock-in amplifier. During the measurement, both the frequency detuning from resonance and amplitude of the driven motion are kept constant with a phaselocked loop and feedback circuits. The amplitude of driven motion is measured with an interferometer whose signal is calibrated by the Brownian motion of the cantilever.
The stroboscopic measurement is accomplished by gating the photon detection. A home-built comparator circuit converts the mechanical drive signal from the lock-in amplifier into a TTL pulse train of the same frequency with a finite phase offset. The duty cycle and hence the width of the "ON" region of the pulse train is controlled by the threshold voltage of the comparator chip. The finite phase offset is tuned with a phase shifter, and can be tuned over a full 360 degrees. This pulse train directly gates the APD through an external modulation input. For the data shown in Fig. 3b-d , the TTL pulse train is frequency doubled, allowing for measurements of two cantilever positions that are 180 degrees out of phase from each other.
APPENDIX F: STROBOSCOPIC RES SIGNAL
During stroboscopic measurements, RES signals average over a small segment of the cantilever motion, as described in the Methods section. Therefore, the general stroboscopic RES signal can be written as
Where T indicates the start time of the PL detection and τ is the length of the detection window of 60 ns. The start time, T , is set by the relative phase between the TTL pulse train gating the single photon counter and the mechanical driving signal. In our experiments, we set T such that the detection window lies symmetrically around an antinode of the cantilever's motion. For instance, when we are interested in the maximum downward deflection of the cantilever (corresponding to negative x ), we set 2
The detection window is much shorter than the oscillation period of the cantilever, and we approximately measure the NV spectral response for a well-defined positon of the cantilever. When the detection window is placed symmetrically around an antinode of motion, the stroboscopic RES signal can be approximated by a Lorentzian.
Here, / max min x is the maximum or minimum normalized displacement of the cantilever tip depending on which antinode is selected. The fits to the stroboscopic RES data shown in Fig. 3a in the main text reflect this approximation. For data shown in Figs. 3b-d and in Figs. 5f-h, the center frequency and amplitudes of the stroboscopic RES peaks as calculated by fits to eq. (9) are used respectively.
APPENDIX G: STRAIN PROFILE OF A SINGLY-CLAMPED CANTILEVER
The mechanical modes of our diamond cantilevers are well-described by Euler-Bernoulli beam theory. We consider a singly-clamped diamond beam of length l , width w , and thickness t . The cantilever coordinate system ( ) , , X Y Z can be described in terms of the diamond crystallographic directions, as shown in Fig. 7a . The Z -axis is the cantilever axis, and is parallel to the [110] crystal direction. The strain profile for the cantilever's fundamental flexural motion along the Y direction as function of axial position Z and cantilever tip deflection c x is given by ( ) ( ) 
where 0 R refers to the distance in the Y direction from the center of the beam. For a more detailed derivation, we refer the reader to ref. [17] .
For an NV that is at a depth i d from the surface of the cantilever, 0
For the devices in this paper, the NV depth is determined by the nitrogen implantation process, and 51. 
APPENDIX H: STRAIN TENSORS IN THE NV BASIS
The strain tensor generated by the cantilever's flexural motion can be written in the cantilever's coordinate system ( )
where ε is the mechanically induced strain along the Z direction as defined in eq. (12) 
for group A and ( ) ( ) ( ) ( ) Fig. 5a , the electric field of the
. Therefore, the normalized absorption intensity of the two excited states are given by
In our polarization dependence measurements, we need to account for saturation of the optical transitions and non-zero ellipticity of the excitation laser. Here, we assume a simple model of saturation in which the normalized absorption intensity is given by 
Putting it all together, the normalized absorption intensities for the x E and y E transitions including these two effects are given by 
The fits of the polarization plots are shown in 
APPENDIX J: EXTRACTING THE STRAIN COUPING CONSTANTS AND ERROR BARS
To measure the strain-orbit coupling constants, we measure the x E and y E transition frequencies, f + and f − , for NVs in groups A and B as function of the strain induced along the cantilever axis. Flexural motion of the cantilever introduces a strain ε along the cantilever axis, while producing strains -νε in the transverse directions due to the Poisson effect ( 0.11) ν = .
Under the cantilever strain, the x E and y E transition frequencies can be written as λ ε λ ε δ δ
To extract the 1
A -symmetric strain coupling constants, we monitor the uniform shifts of the x E and y E transition frequencies as a function of ε , 
( ) ( )
The vertical error bars in Fig. 3b -d reflect the uncertainty in peak positions in the RES measurements, which is dominated by the 5° phase uncertainty in the location of the stroboscopic measurement window with respect to the cantilever's motion. The horizontal error bars in Fig. 3b-d are given by the uncertainty in 3-D position of the NV, which is dominated by the 13 nm uncertainty in the NV depth in the diamond, which is the expected straggle of nitrogen ions during our implantation process (as calculated by SRIM). To extract 
APPENDIX K: COOPERATIVITY AND RESONATOR COOLING CALCULATIONS
The device described in the main text is a doubly-clamped diamond nanobeam with dimensions (2 μm, 100 nm, 50 nm) containing a near-surface NV center located at one of the clamping points. We will focus on the fundamental mode of this resonator, which has a resonance frequency
Moreover, we assume that the nanobeam has the same crystallographic orientation as the device shown in this paper.
In this calculation, we will consider an NV center from group B, whose symmetry axis is transverse to the resonator axis. For simplicity, we will assume that the NV is hosted in a perfect crystal with no intrinsic strain. Using the strain tensor in eq. (15), the NV-resonator interaction Hamiltonian is ( ) ( )
where ε is the strain induced along the axis of the nanobeam. Next, we quantize the strain field in terms of the phonon creation and annihilation operators for the resonator mode such that 
where ( ) Γ 100 MHz = for the y A E → transition, which has been observed in ref. [45] . This value is limited primarily by electron-phonon interactions within the excited state manifold. In addition, we assume that the quality factor of the mechanical mode is 5 10 Q = , which has already been demonstrated with micron-scale diamond resonators [22, 46] . At a temperature 4 K T = , the diamond resonator has an equilibrium thermal occupation number of 367 n = .
Putting it all together, we find the cooperativity of this device to be 5.2 η = .
To evaluate the device's prospects for ground state cooling, we consider the protocol for sideband cooling as detailed in refs. [13, 14] . In this protocol, we resonantly address the first red vibrational sideband of the 
where Γ C is the sideband cooling rate. The sideband cooling rate is given by
where Ω is the optical Rabi frequency and Γ is the linewidth of the optical transition. Assuming an optical Rabi frequency Ω 100 MHz = , a linewidth of Γ 100 MHz = , and the th γ described above, we find Γ 843 kHz C = and 0.9 n ≈ . Black atoms represent carbon atoms, the dotted white atom represents the vacancy, and the blue atom represents the nitrogen atom. The NV z -axis lies along its symmetry axis, which is parallel to the bond connecting the nitrogen atom to the vacancy. To the right, the NV is being viewed along its symmetry axis. 
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